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Abstract
Nanowire diameter has a dramatic effect on the absorption cross-section in the optical domain.
The maximum absorption is reached for ideal nanowire morphology within a solar cell device.
As a consequence, understanding how to tailor the nanowire diameter and density is extremely
important for high-efﬁcient nanowire-based solar cells. In this work, we investigate mastering
the diameter and density of self-catalyzed GaAs nanowires on Si(111) substrates by growth
conditions using the self-assembly of Ga droplets. We introduce a new paradigm of the
characteristic nucleation time controlled by group III ﬂux and temperature that determine
diameter and length distributions of GaAs nanowires. This insight into the growth mechanism is
then used to grow nanowire forests with a completely tailored diameter-density distribution. We
also show how the reﬂectivity of nanowire arrays can be minimized in this way. In general, this
work opens new possibilities for the cost-effective and controlled fabrication of the ensembles of
self-catalyzed III–V nanowires for different applications, in particular in next-generation
photovoltaic devices.
S Online supplementary data available from stacks.iop.org/NANO/26/105603/mmedia
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1. Introduction
Semiconductor nanowires are interesting as building blocks
for next-generation optoelectronic and electronic technologies
[1–5]. Within a wide range of III–V compounds used to form
these structures, GaAs is among the most promising materials
for photovoltaic applications [6]. Furthermore, GaAs nano-
wire-based solar cells can be grown on Si, easily resulting in a
dual-junction device [7]. Proof-of-concept radial p-i-n GaAs
nanowire solar cells have been demonstrated in the past [8–
13]. Recently, it has been shown that the achievement of high
efﬁciencies can only be obtained after the accurate design of
the individual junction, the nanowire diameter, and density so
that light absorption and conversion are maximized [14, 15].
Pre-patterning the substrate would be an approach to control
density. However, such a technique is technologically
demanding and presents several open challenges [15–17].
Furthermore, a regular array would not work on all incident
angles due to diffraction effects [18]. We propose here a more
cost-effective alternative: the self-assembly of nanowires. We
will show how understanding the initial stages of growth
provides the tools to control the dimensions of the nanowires
on the substrate.
To the best of our knowledge, relatively few works
published so far report on the distribution of nanowire density
and diameters [19–23]. An original approach for controlling
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the nanowire density makes use of droplet epitaxy techniques
[19]. This method is very efﬁcient for controlling the density
and diameter of Ga droplets that initiate GaAs nanowires.
However, when it comes to the transition from droplets to
nanowires, the yield is not yet 100%. Additionally, uncon-
trolled secondary nucleation changes the predetermined
nanowire density and diameter. Some groups have reported
on the substrate temperature effect on the nanowire diameter
and density [22, 24]. However, no comprehensive model was
proposed to grasp the fundamental mechanism and thereby
tailor the nanowire diameter and density in an effective
manner.
Consequently, in this work we study the impact of the
growth conditions on the morphology and density of self-
assembled GaAs nanowires on Si (111). An understanding of
the underlying mechanism is used to achieve diameter-density
combinations ‘à la carte’, allowing one to tailor light
absorption of the self-assembled nanowire arrays. We start by
showing the general inﬂuence of the substrate temperature
and Ga ﬂux over the nanowire density, diameter and length
distributions. This is followed by presenting a model that
reveals the underlying mechanisms. The model is then used to
develop an alternative growth approach based on two steps of
Ga ﬂuxes to tailor at will the nanowire diameter and density.
Finally, we show how tailoring the nanowire diameter-density
can be used to increase the overall solar light absorption.
2. Experimental details
Our samples were grown by molecular beam epitaxy (MBE)
on Si(111) substrates covered with a native oxide layer. The
surface roughness of the substrates was around 0.4 ± 0.2 nm
as measured by atomic force microscopy. Growths were
carried out with simultaneous deposition of Ga and As4. The
range of Ga ﬂuxes extended from 0.03 nm s−1 to 0.11 nm s−1,
as calibrated by reﬂection high-energy electron diffraction
(RHEED). The As ﬂux was kept constant in all the experi-
ments at 2.5 × 10−6 Torr, and was calibrated by a beam ﬂux
monitor gauge. The range of temperatures used went from
∼600 °C to 645 °C, calibrated by a pyrometer that measures
the emissivity of the Si substrate.
3. Results
3.1. Impact of growth conditions
In the ﬁrst set of experiments, the substrate temperature was
varied from 604 °C up to T= 643 °C, whereas the Ga growth
rate was kept constant at V = 0.11 nm s−1.
Figures 1(a)–(b) show the distribution of nanowire length
and diameter for three different temperatures. The statistics
are the result of measuring a total of at least 100 nanowires.
The lines show theoretical ﬁts by the model presented here-
after. The increase of temperature decreases the nanowire
length from ∼4.5 μm to ∼2.8 μm (see ﬁgure 1(a)), and
increases the diameters from ∼100 nm up to ∼160 nm, (see
ﬁgure 1(b)).
Figure 1(c) shows the density dependence over tem-
perature (from 2.4 × 107 nanowires/cm2 to 8.4 × 107 nano-
wires/cm2), and ﬁgures 1(d)–(f) show typical scanning
electron micrographs of the samples. In general, higher sub-
strate temperatures result in a reduction of the length and an
increase in the diameter. Higher substrate temperatures also
result in a reduction of polycrystalline GaAs islands, also
Figure 1. Length (a) and width (d = 2R) (b) distributions of self-
catalyzed GaAs nanowires grown at a ﬁxed Ga ﬂux of 0.11 nm s−1
and three different temperatures (T = 604 °C, T = 624 °C and
T = 643 °C) for 60 min. The lines in (a) and (b) are the ﬁts obtained
from the model presented in the text (for further details, see the
supplementary information), with the parameters summarized in
table 1. In (c) the evolution of nanowire density over different
substrate temperatures is reported. The scanning electron micro-
graphs of the nanowires grown at the three different temperatures
are, respectively, shown in (d), (e) and (f). The scalebar is 1
micrometer.
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called parasitic growth, while the nanowire density increases.
In the second experiment, we looked at the nanowire diameter
and length distribution under varying Ga ﬂux. We chose the
substrate temperature of 643 °C, which was found to mini-
mize the parasitic growth. The Ga ﬂux was varied from
0.11 nm s−1 to 0.05 nm s−1. The results are shown in ﬁgure 2,
which displays the corresponding length and diameter dis-
tributions. The decrease of Ga ﬂux produces a drop in
nanowire length, broadening its distribution (see ﬁgure 2(a)),
although without presenting a clear trend. The diameter dis-
tribution is very sensitive to the Ga ﬂux: the mean diameter
shrinks from ∼160 nm to ∼50 nm as the Ga ﬂux is decreased
(see ﬁgure 2(b)). Figure 2(c) shows the nanowire density at
different Ga ﬂuxes. The decrease of Ga ﬂux results in a
broadening of the length distributions and reduction of the
mean diameter, as well as a fall in density. Figures 2(d)–(f)
show the typical scanning electron micrographs of as-grown
GaAs nanowire samples. A pronounced decrease in nanowire
diameter and density at decreasing Ga ﬂuxes is observed.
While the increase of the nanowire diameter with the Ga ﬂux
is expected and was reported earlier in [9], narrowing of the
diameter distribution has not been discussed before.
3.2. The model
A common feature of the nanowire morphologies presented
here is rather broad distributions of length and diameter. The
nanowire density seems to be directly linked to the growth
temperature and Ga ﬂux. In contrast to the standard vapor-
liquid-solid (VLS) growth procedures where metal catalyst
particles are prepared before the material deposition [23, 25–
28], our self-assembled approach makes use of Ga droplets
that form concomitantly with nanowires [29]. Therefore,
rather than having all nanowires emerging instantly at t= 0,
different nanowires nucleate and start growing vertically at
different moments of time 0⩽ t0⩽ t, where t is the total
deposition time. This important feature requires a careful
investigation of time-dependent nucleation of nanowires and
nanowire statistics, a problem that, to the best of our
knowledge, has not been addressed so far. On the other hand,
self-catalyzed III–V nanowires usually grow not only verti-
cally, but also extend radially [30, 31]. This is due to an
excessive group III inﬂux into the reservoir in the Ga droplet.
Without accounting for different starting times for growth as
well as the radial extension, the deterministic length-radius,
length-time and radius-time correlations (which usually
assume instantaneous nucleation from preexisting catalyst
particles and a time-independent nanowire radius, deﬁned by
the size of these particles [23, 26, 27]) would not give the
adequate description of self-catalyzed growth in our experi-
mental conditions.
Consequently, in our modeling we consider the random
nucleation of Ga droplets (which then act as nanowire growth
seeds with a certain yield coefﬁcient [32]) occurring alongside
the nanowire growth itself. The model is illustrated in
ﬁgure 3(a) and described in the following. The gallium and
arsenic species arrive onto the substrate surface, and the Ga
droplet surfaces at the rates I3 and I5, respectively, measured
in atoms per unit time per unit area. When Ga and As adatoms
meet on the surface, they form the parasitic (polycrystalline)
GaAs islands at the rate K35(nm
2 s−1). Dimerization of two Ga
adatoms at the rate K3 will subsequently lead (with a certain
probability) to the nucleation of Ga nanodroplets and ulti-
mately nanowires. Both processes are expected to be asso-
ciated with the formation of ‘craters’ or even the openings
penetrating through the oxide toward the substrate surface
[29, 33, 34]. Therefore, the rate constants K3 and K35 should
be orders of magnitude lower than that given by the effective
Figure 2. Length (a) and width (b) distributions of self-catalyzed
GaAs nanowires grown at a ﬁxed substrate temperature of 643 °C
and three different Ga ﬂuxes (V1s = 0.11 nm s
−1, V1s = 0.075 nm s
−1
and V1s = 0.05 nm s
−1) for 60 min. In (c) the evolution of nanowire
density over different Ga ﬂuxes is reported. The lines in (a) and (b)
are the ﬁts obtained from the model, with the parameters
summarized in table 1. (d), (e) and (f) show the respective scanning
electron micrographs of the nanowires grown at the three different
Ga ﬂuxes. The scalebar is 1 micrometer.
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Ga diffusivities (σ3D3 and σ35D3, with σ as the corresponding
capture coefﬁcients [35–37]).
Within the frame of the irreversible growth model, that is,
with neglect of decay of both Ga-Ga and Ga-As surface
dimers [35–37], the set of kinetic equations for the surface
density of Ga droplets (N3), parasitic GaAs islands (N35) and
Ga adatoms (n3) can be written as
τ
=
= ≅
= − −
dN
dt
K n
dN
dt
K n n K n I
dn
dt
I K n N K n N
;
;
. (1)
3
3 3
2
35
35 3 5 35 3 5 5
3
3 3 3 3 35 3 35
Here, we assume that the kinetic growth constants are the
same for differently sized surface clusters, as in [36] and [37].
The ﬁrst equation shows that the number of Ga droplets
increases due to the Ga-Ga dimerization, with K3n3
2 as the
nucleation rate in irreversible growth [37]. The second
equation gives the nucleation rate of parasitic GaAs islands,
where we assume that the unknown concentration of As
adatoms quickly equilibrates with the vapor atomic ﬂux I5:
n5≅ I5τ5, with τ5 being the characteristic lifetime of As. This
τ5 is expected to decrease very steeply with increasing surface
temperature due to enhanced desorption of As. The third
equation gives the time dependence of the Ga adatom con-
centration, which increases due to the vapor inﬂux and
decreases when the Ga adatoms attach to either the Ga dro-
plets or GaAs islands.
In the large time limit where dn3/dt→ 0, the Ga adatom
concentration is given by the dynamic balance between the
vapor ﬂux and the adatom consumption by the growing
islands and droplets:
=
+
≅n I
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I
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In all our samples, the surface area covered by parasitic
GaAs is much larger than that covered by the nanowires (and
hence the Ga droplets). Thus, the limiting case of
K3N3≪K35N35 should apply uniformly in these conditions.
Using this n3 in equation (1) for N3 and N35, and integrating
over, we obtain the large time asymptotes of the island and
droplet densities:
τ
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We can see that the concentration of parasitic GaAs islands
scales with time as t1/2, whereas the Ga droplet concentration
increases with time only logarithmically (i.e., almost saturates
at large enough t). As mentioned earlier, each Ga droplet
gives rise to a newly formed nanowire with the probability χ.
The nanowire surface density is thus given by
χ=N N , (4)nw 3
where the yield χ may depend on temperature and the Ga ﬂux.
Despite its simplicity, our nucleation model is capable of
explaining the major experimental trends:
(i). Since the leading temperature dependence of the pre-
factors in equation (3) should be determined by a
rapidly decreasing As lifetime τ5, parasitic growth
decreases and nanowire density increases when the
surface temperature is raised, as experimentally
observed in ﬁgure 1.
(ii). Both N35 and Nnw increase at higher Ga ﬂux, as
experimentally observed in ﬁgure 2. Since the theore-
tical dependence of the Ga droplet density on I3 is linear
and the observed experimental correlation Nnw(I3) is
superlinear, it can be concluded that the yield
coefﬁcient increases with Ga ﬂux.
By further developing the model based on some earlier
results for the growth kinetics of GaAs nanowires [31, 38, 39]
and the nucleation equations [26, 40] (all the details are
provided in the supplementary information), we get the
Figure 3. (a) Schematics of different kinetic processes considered
within the growth model: (i) formation of Ga droplets from two Ga
adatoms in the ‘craters’; (ii) formation of parasitic GaAs islands from
Ga and As atoms in the craters and (iii) nanowire growth catalyzed
by Ga droplets, with the model parameters described in the text. In
(b) the time dependence of the nucleation rate of Ga droplets at
different nucleation times Δt is shown.
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corresponding nanowire nucleation rate in the form
χ Δ= =J dN
dt
J g t t( / ) . (5)nw
nw
0
2 3/2⎡⎣ ⎤⎦
Here, J0 is the known normalization constant and Δt= 4
4/3/[3
(K3I3)
1/2] is the characteristic nucleation time interval for Ga
droplets. The universal function g(y) is given by
∫= −g y e dx e
x
( ) . (6)y
y x
0 1/3
Hence, the nanowire nucleation rate varies at different
characteristic nucleation times, as shown in ﬁgure 3(b): the
larger the Δt, the more spread in time and the more delayed is
the nucleation rate. The variations in the characteristic
nucleation time is controlled by I3, the group III ﬂux. In other
words, the initial Ga ﬂux I3 determines the distribution of
diameter and lengths: a larger Ga ﬂux yields a narrower
diameter and length distributions (i.e., more uniform), since
the nucleation rate over time is narrower for smaller Δt (see
ﬁgure 3(b)). Instead, a lower Ga ﬂux produces an upturn in Δt
that broadens the nucleation pulse over time, resulting in
wider diameter and length distributions. The model presented
earlier explains very well the results of the Ga ﬂux set of
experiments, where broader distributions are observed at
diminishing Ga ﬂux.
In order to understand the length and radius distributions
of self-catalyzed nanowires and to describe their evolution
with the growth time, we now consider the nanowire growth
itself. According to the model described in detail in [31], the
nanowire elongation rate is proportional to the difference
between the impinging atomic As ﬂux and desorption ﬂux,
while the surface diffusion of As can be neglected [38, 39]. In
contrast, Ga is not expected to desorb from the droplet at
temperatures below 650 °C, but can easily migrate from the
nanowire sidewalls to the droplet. The increase of the droplet
volume is determined by the effective Ga-to-As imbalance. In
fact, the decrease of Ga ﬂux leads to smaller diameters, as
already reported in ﬁgure 2(b), whereas a temperature
increase produces a diameter expansion (see ﬁgure 1(b)),
related to the decrease in As lifetime τ5.
These considerations yield our main results for the length
(L) and radius (R) distributions of self-induced nanowires
given by
Δ
= × −( )f L L const g
L L
L
, ; (7)max 2
max
3/2
⎜ ⎟
⎡
⎣
⎢⎢
⎛
⎝
⎞
⎠
⎤
⎦
⎥⎥
Δ
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−
−
( )F R R const
B R A
g
R R
R
,
1
/
. (8)max 2
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Here, g is the same function as in equation (6), whereas
Lmax and Rmax are the maximum length and the maximum
radius of the nanowires having nucleated at the very begin-
ning of GaAs deposition. The parameters ΔL and ΔR describe
the widths of the length and radius distributions. Both ΔL and
ΔR are proportional to Δt. The A and B in equation (8) are the
kinetic coefﬁcients that can be obtained by ﬁtting the time
dependences of the mean length and diameter (see supple-
mentary information). As usual in the deterministic growth
theories [26, 37, 40], the size distributions reﬂect the shape of
the time-dependent nucleation rate, inverted in such a way
that zero moment of time corresponds to the maximum size of
nanowires. Full details of derivation of the key in
equations (7) and (8) are given in the supplementary infor-
mation. Clearly, with the measured Lmax, Rmax, A and B,
theoretical length and diameter distributions of nanowires
contain only one ﬁtting parameter: the corresponding dis-
tribution width (ΔL or ΔR), which is determined by the ran-
dom character of nucleation. The parameters used for ﬁtting
the experimental length and diameter histograms in ﬁgures 1,
2 and 6 are listed in table 1, in which the critical radius Rc is
deﬁned as Rc =B/|A|, V=Ω35I3cosα3 is the Ga deposition rate,
Ω35 = 0.0452 nm
3 is the elementary volume per GaAs pair in
the solid state and α3 = 45° is the incidence angle of the Ga
beam with respect to the substrate. The parameter C is
obtained from Lmax =Ct for the total growth time t= 60 min
and the characteristic nucleation time Δt from ΔL=CΔt (see
the supplementary information for the details).
Figure 4 summarizes the effect of Ga ﬂux variations at a
constant temperature and the effect of temperature variations
at a constant Ga ﬂux over the nanowire diameter and density.
By augmenting Ga ﬂux, diameter and density increase
(ﬁgure 4, blue arrow); a similar behavior is observed in the
case of temperature increase (ﬁgure 4, black arrow). There-
fore, within the classic growth approach where the Ga ﬂux is
kept constant during growth, small nanowires (<100 nm) can
Table 1. Theoretical parameters used for ﬁtting the length and width distributions for different samples.
T (°C) V (nm s−1) Lmax (nm) ΔL (nm) Δt (min) 2Rmax (nm) 2ΔR (nm) C (nm min
−1) A (nm min−1) 2Rc(nm)
604 0.11 5050 380 4.5 145 35 84 –2.76 200
624 0.11 4500 710 9.5 195 65 75 –2.41 205
643 0.11 3400 450 7.9 210 48 57 –1.45 —
643 0.075 3200 1550 29 129 42 53 –1.55 210
643 0.05 3700 1550 25 105 38 62 –1.73 130
643 0.11/0.075 2500 650 15.5 145 42 42 –1.45/–1.69 190
643 0.11/0.05 2500 650 15.5 140 50 42 –1.45/–1.86 190
643 0.11/0.027 2500 650 15.5 135 60 42 –1.45/–2.03 190
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be achieved only at the compromise of low density, and
vice versa (see ﬁgure 4).
3.3. Alternative two-step approach
We now turn to the implementation of our model for the
reverse engineering of diameter, length and density. In order
to combine a high density of nanowires with small diameters,
we grew nanowires in a two-step fashion. We initiated the
growth at a high Ga rate (0.11 nm s−1) in view of achieving a
high nucleation rate (i.e., high nanowire density). Then after
30 min of growth, we decreased the Ga rate in order to sup-
press supplementary nanowire initiation and to decrease the
nanowire diameter by consuming some additional Ga from
the droplet.
Figures 5(a) and (b) show the corresponding length and
diameter distribution, respectively. The nanowire length does
not seem to be affected by decreasing the Ga ﬂux at the
second growth step. Conversely, the diameter progressively
diminishes as the Ga ﬂux at the second step is decreased
(from ∼90 nm to ∼40 nm). Figure 5(c) displays the nanowire
densities at different Ga ﬂuxes at the second step, showing
that density is not affected by the Ga ﬂux variations.
Figures 5(d)–(f) show the typical scanning electron micro-
graphs of the as-grown samples, where the diameter decreases
at diminishing Ga ﬂux at the second step is clearly observed.
The diameter-density results for the two-step Ga ﬂuxes
are also shown in ﬁgure 4 (red arrow) in comparison with the
single-step Ga ﬂux series and with the temperature series.
Very importantly, the decrease of the Ga ﬂux at the second
step yields much smaller nanowire diameters, while the
nanowire density remains relatively constant. Such a result
could not be achieved by simply varying the Ga ﬂux or
temperature in the one-step procedure. The two-step Ga
approach is thus very useful for tailoring the nanowire dia-
meter and obtaining the predeﬁned diameter-density combi-
nations: the diameter is controlled by the Ga ﬂux at the
Figure 4. Diameter-density correlation of (i) one-step Ga series (blue
triangles), (ii) temperature series (black squares) and (iii) two-step
Ga series (red circles). (i) The increase in Ga ﬂux (blue arrow) results
in larger diameters and denser nanowire forests. In a similar fashion,
(ii) higher growth temperature increases diameter and density (black
arrow). (iii) In the case of two-step Ga ﬂux series, the decrease of the
Ga ﬂux at the second step (red arrow) lowers down the nanowire
diameters without changing the density values.
Figure 5. Length (a) and diameter (b) distributions of self-catalyzed
GaAs nanowires grown at a ﬁxed temperature of 643 °C and initial
Ga ﬂux (V1s = 0.11 nm s
−1) for the ﬁrst 30 min, but different Ga
ﬂuxes (V2s = 0.075 nm s
−1, V2s = 0.05 nm s
−1 and
V2s = 0.027 nm s
−1) for the second 30 min. The lines in (a) and (b)
are the ﬁts obtained from the model, with the parameters
summarized in table 1. In (c) the evolution of nanowire density over
different Ga ﬂuxes is reported. (d), (e) and (f) show the scanning
electron micrographs of the nanowires grown, respectively, at the
three different Ga ﬂuxes for the second 30 min. The scalebar is 1
micrometer.
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second step, while the density is determined by the growth
parameters during nucleation.
3.4. Absorption measurements
The control of nanowire diameter and density is important for
the application of nanowires in solar cells. In particular, it has
been shown previously that the absorption rate is only
enhanced for certain diameters [13–15]. In order to extra-
polate the potential of these nanowire ensembles for solar cell
applications, we assess their reﬂectivity properties in the
experiments with an integrating sphere. Figure 6 shows the
results of the spectral reﬂectivity measurements of the GaAs
nanowire ensembles with similar density and different dia-
meter, obtained by changing the Ga rate at the second step as
described earlier. The reﬂectivity of the nanowire samples is
shown in comparison with the measured reﬂectivity of Si and
GaAs wafers. The nanowires obtained at the Ga rate of 0.027
at the second step (with smaller diameters, d= 43 nm) have a
reﬂectivity ∼0.25 in the entire spectral range. These relatively
high values are expected because of the low density of
nanowires and the diameter outside the absorption resonance
range [14, 15]. Interestingly, the reﬂectivity is reduced below
0.15 for the nanowire ensemble with the largest mean dia-
meter (d = 138 nm), the one obtained with a 0.085 nm s−1 Ga
ﬂux at the second stage. This enhancement is obtained by just
increasing the diameter of the nanowires for the same surface
density.
4. Conclusion
We have shown that the nanowire length and diameter dis-
tributions are the consequence of a time-dependent nucleation
process, which is controlled by group III ﬂux and tempera-
ture. Within this kinetic approach involving random nuclea-
tion of Ga droplets and consequently GaAs nanowires, the
nanowire density is established at the initial nucleation step,
while the diameter can be tuned by the Ga ﬂux at a later
growth stage. As a result, we have demonstrated an inde-
pendent control of the nanowire density and diameter over
time. This method allows one to circumvent the challenge of
cost-ineffective lithography for organizing the Ga growth
seeds and to control the nanowire diameter just by the Ga
ﬂux. We have shown how the control of nanowire diameter
and density determines the reﬂectivity, with the best values
below 0.15. This result may constitute the ﬁrst step towards
obtaining a nanowire-based solar cell using the fully self-
assembled process. The self-assembled approach is very
attractive for applications where the broad length and dia-
meter distributions do not degenerate the required properties.
More generally, our procedure combines features of the
deterministic VLS growth of nanowires and random self-
assembly of surface islands. We have shown that the usual
assumption, an instantaneous nucleation of nanowires
[17, 25, 31–33] does not work for Ga-catalyzed growth of
GaAs nanowires, and could signiﬁcantly change the deter-
ministic growth picture of VLS nanowires in general.
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